Introduction: Solanezumab is a humanized monoclonal antibody that preferentially binds to soluble amyloid b and promotes its clearance from the brain in preclinical studies. The objective of this study was to assess the effect of solanezumab in slowing global and anatomically localized brain atrophy as measured by volumetric magnetic resonance imaging (MRI). Methods: In the EXPEDITION3 phase 3 trial, participants with mild Alzheimer's disease were randomized to receive intravenous infusions of either 400 mg of solanezumab or placebo every 4 weeks for 76 weeks. Volumetric MRI scans were acquired at baseline and at 80 weeks from 275 MRI facilities using a standardized imaging protocol. A subset of 1462 patients who completed both MRI and 14-item Alzheimer's Disease Assessment Scale-Cognitive Subscale assessments at both time points were selected for analysis. Longitudinal MRI volume changes were analyzed centrally by tensorbased morphometry with a standard FreeSurfer brain parcellation. Prespecified volumetric measures, including whole brain and ventricles, along with anatomically localized regions in the temporal, parietal, and frontal lobes were evaluated in those participants. Results: Group-mean differences in brain atrophy rates were directionally consistent across a number of brain regions but small in magnitude (1.3-6.9% slowing) and not statistically significant when corrected for multiple comparisons. The annualized rates of change of the volumetric measures and the correlation of these changes with cognitive changes in placebo-treated subjects were similar to those reported previously. Discussion: In the EXPEDITION3 trial, solanezumab did not significantly slow down rates of global or anatomically localized brain atrophy. Brain volume changes and their relationship to cognition were consistent with previous reports.
Introduction
Solanezumab is a humanized monoclonal antibody that preferentially binds soluble amyloid b (Ab) and was designed to slow Alzheimer's disease (AD) progression by increasing soluble Ab clearance from brain [1, 2] . Initial phase 3, double-blind clinical trials of solanezumab, at a dose of 400 mg every 4 weeks for 76 weeks, in patients with clinically defined mild-to-moderate (baseline MiniMental State Examination [MMSE] score 16-26) AD (EXPEDITION and EXPEDITION2) failed to show a treatment benefit for solanezumab [3] . However, in a predefined secondary analysis of subjects with mild (baseline MMSE score 20-26) AD only, pooled across both trials, solanezumab-treated subjects declined more slowly on cognitive and functional measures than placebo-treated subjects [4] . No evidence of slowing of cognitive or functional decline was seen in subjects with moderate (baseline MMSE score [16] [17] [18] [19] disease. Amyloid positron emission tomography imaging, performed in a small subset (N 5 251) of the EXPEDITION and EXPEDITION2 participants with mild AD, revealed that approximately 25% of those subjects were amyloid negative and, in the placebo arm, did not show typical disease progression over the trial duration [5, 6] . Analysis of brain atrophy measured via three-dimensional T1 (3DT1) volumetric magnetic resonance imaging (vMRI) scans did not show a difference between treatment groups in these studies [3, 4] .
A third double-blind, phase 3 trial (EXPEDITION3), intended to confirm the secondary efficacy analyses from the EXPEDITION and EXPEDITION2 studies, was conducted.
Patients with mild AD who demonstrated biomarker evidence of amyloid pathology were randomized to either placebo or solanezumab. As reported in detail elsewhere [7] , although directionally consistent with the secondary analyses of EXPEDITION and EXPEDITION2, there was no statistically significant difference at the endpoint (week 80) between solanezumab-and placebo-treated patients on the primary outcome scale, the 14-item Alzheimer's Disease Assessment Scale-Cognitive Subscale (ADAS-Cog14) (P 5 .095). Secondary cognitive and functional measures consistently demonstrated slowing of decline in solanezumab-treated patients, often reaching nominal statistical significance at endpoint, although the treatment effect was consistently smaller than that seen in the secondary analyses of EXPEDITION and EXPEDITION2.
In EXPEDITION3, 3DT1 vMRI scans were scheduled at baseline and at the end of the double-blinded treatment period (week 80) with the aim of assessing solanezumab's effects on longitudinal rates of brain atrophy. Here, we present an analysis of the vMRI data from the EXPEDITION3 trial. Most previous therapeutic trials, including EXPEDI-TION and EXPEDITION2, have reported findings relating to well-established vMRI endpoints such as hippocampus, ventricles, and whole-brain atrophy [4, [8] [9] [10] . However, recent research has shown that subjects with AD exhibit patterns of brain atrophy that also involve regions of the temporal, parietal, and frontal lobes [11, 12] and that changes in different cognitive tests are associated with specific patterns of brain atrophy [13] . Here, using an image-processing pipeline enabling parcellation of the cerebral cortex, we report atrophy profiles and treatment effects from the EXPEDITION3 trial across a wider range of brain regions than those that have been typically reported for latephase drug-development trials.
Methods

Study participants
The EXPEDITION3 trial design and methodology, along with results of primary outcome measures and descriptions of adverse events and participant disposition, are described in detail elsewhere [7] . Briefly, participants were male or female, were 55 to 90 years of age, and met the diagnostic criteria for probable AD from the National Institute of Neurological and Communicative Disorders and Stroke/ Alzheimer's Disease and Related Disorders Association (NINCDS/ADRDA) [14] . Unlike EXPEDITION and EXPE-DITION2, EXPEDITION3 included only patients with mild AD and only those who showed biomarker evidence of amyloid pathology as determined by either a florbetapir positron emission tomography scan or cerebrospinal fluid Ab 1-42 measurements.
Patients were randomized in a double-blind fashion to receive intravenous infusions of either 400 mg of solanezumab (N 5 1057) or placebo (N 5 1072) every 4 weeks up to and including week 76. Stable, concomitant drug and nondrug treatments were allowed to ensure patients continued to receive AD standard of care. MRI assessments were scheduled at baseline and at 80 weeks (4 weeks after the last solanezumab or placebo treatment) or early discontinuation. Cognitive and functional performance (including ADAS-Cog14, Clinical Dementia Rating scale: Sum of Boxes [CDR-SB], and MMSE) was also assessed at baseline and endpoint. A subset of 1462 subjects (N 5 721 for placebo, N 5 741 for solanezumab) who completed both MRI and ADAS-Cog14 assessments at both time points were selected for analysis in this study.
The primary objective of EXPEDITION3 was to test the hypothesis that solanezumab would slow the progression of cognitive decline of AD, as compared with placebo, in patients with mild dementia due to AD, based on changes in ADAS-Cog14. The EXPEDITION3 study protocol was approved by ethical and institutional review boards at all sites. All study participants provided written informed consent before participation in the study.
Magnetic resonance imaging
A total of 275 imaging sites contributed to the sample and were located in the United States/Canada (61.45%), Europe (28%), Australia (4.36%), and Japan (6.18 %). All MRI facilities were trained on study procedures by the central imaging laboratory and implemented a standardized imaging protocol on their MRI scanner. Both 1.5T and 3T scanners were allowed, representing 75% and 25% of the subjects scanned, respectively. Scanners were manufactured by General Electric (28.9% of subjects), Philips (18.6%), Siemens (52.4%), or Toshiba (0.1%). Scanner performance was assessed during site qualification and monitored throughout the trial using American College of Radiology phantoms. Only study participants whose baseline and follow-up scans were obtained on the same MRI scanner were included in the present quantitative analysis.
The 3DT1 data consisted of sagittal 3D magnetizationprepared rapid gradient-echo (Siemens), sagittal 3D turbo field echo (Philips), coronal 3D fast spoiled gradient recalled (General Electric), or sagittal 3D field echo (Toshiba) sequences with 1.2-mm-thick slices and a 1.25 ! 1.25-mm 2 in-plane resolution.
The vMRI scans were assessed by tensor-based morphometry, which captures volume changes within the deformation fields resulting from applying a symmetric deformable registration technique [15, 16] between a pair of MRI scans by a nonlinear symmetric log-demons deformation technique [15] and robust cross-correlation metric [16] to ensure invertibility of the transformation. The determinant of the Jacobian matrix of the deformation field then provides a measure of local volume change. Integration of the determinant over a prespecified brain region provides an estimation of its change in volume. The images were parcellated using FreeSurfer and the Desikan atlas [17] for region-of-interest definition.
Hippocampus, entorhinal cortex, ventricle, and wholebrain volumes were prespecified as the primary vMRI variables of interest for analysis of treatment effects on brain volume changes. In addition, to explore a wider neuroanatomical profile of the baseline brain structure and longitudinal change, volumes of the following brain regions were also calculated: isthmus cingulate, precuneus, inferior parietal lobule, and superior temporal gyrus as individual structures; lateral parietal cortex (comprising supramarginal gyrus, inferior parietal lobule, and superior parietal lobule); lateral prefrontal cortex (comprising caudal middle frontal gyrus, rostral middle frontal gyrus, pars opercularis, and pars triangularis); medial temporal lobe (comprising parahippocampal gyrus, entorhinal cortex, hippocampus, and amygdala); and whole temporal lobe (comprising superior temporal gyrus, middle temporal gyrus, inferior temporal gyrus, transverse temporal gyrus, banks of the superior temporal sulcus, parahippocampal gyrus, fusiform gyrus, entorhinal cortex, and temporal pole). These regions are illustrated in Fig. 1 . To assess treatment effects in distributed "AD signature" patterns, two additional combinations of regions were also calculated from the aforementioned predefined set of brain structures, informed by literature reports [11, 18] . A small region combination comprised the entorhinal cortex, precuneus, isthmus cingulate, and inferior parietal lobule, and a large region combination comprised the lateral parietal cortex, lateral prefrontal cortex, and whole temporal lobe. All volumes were calculated in mm 3 .
Statistical analysis
Analysis of covariance models were applied (per brain region) with change from baseline in the vMRI parameter as the dependent variable and independent terms comprising vMRI baseline value, pooled investigator, treatment arm, and baseline age. Primary analyses were performed on the bilateral sum of left and right hemisphere volumes. Analyses were also performed with the participants split by sex. Annualized least squares (LS) mean percentage change relates the 80-week LS mean change to the average baseline volume (within each treatment arm) and normalizes the fraction to 52 weeks. Relative slowing was determined by taking the difference between the (annualized) LS mean changes (solanezumab LS mean change 2 placebo LS mean change) relative to the (annualized) LS mean change in the placebo arm.
Spearman correlation between the 80-week change in each vMRI region and each clinical scale (ADAS-Cog14, CDR-SB, and MMSE) was calculated by treatment. The relationship between whole temporal lobe atrophy and change in ADASCog14 was further explored via linear regression models. All P values are reported as uncorrected.
To achieve largely consistent longitudinal analysis populations across approaches, for each region separately, analysis populations were restricted to intent-to-treat patients with change values of the corresponding MRI measurements (atrophy) as well as change values of the ADAS-Cog14 measurement (both changes from baseline to endpoint at week-80 visit).
Results
Study sample
A summary of baseline patient characteristics and selected imaging metrics is provided in Table 1 for the population with both temporal lobe volume measures and ADAS-Cog14 at both baseline and week-80 visit. In general, characteristics were very similar for the populations with both baseline and week-80 visit data from other vMRI metrics and representative of both the larger set of subjects with any baseline MRI assessment as well (data not shown) and the full EXPEDITION3 trial population [7] . There were no clinically meaningful differences between the treatment arms in age, cognitive scores, percentage of APOE ε4 carriers, concomitant medication use, or baseline vMRI metrics.
Effect of solanezumab on rates of brain atrophy
Longitudinal absolute changes in all vMRI parameters were nominally smaller in the solanezumab arm relative to the placebo arm, as shown in Table 2 and illustrated graphically in Fig. 2 . For the prespecified primary vMRI parameters, the relative difference (or slowing of atrophy) in the solanezumab arm relative to the placebo arm was 4.1% for the hippocampus (P 5 .082), 4.0% for the entorhinal cortex (P 5 .09), 4.3% for the whole brain (P 5 .097), and 3.9% for the ventricles (P 5 .196). None of the differences was statistically significant after Bonferroni correction for multiple comparisons (critical P value 5 .0036) or using the Benjamini-Hochberg method with a false discovery rate of 5%.
The exploration of other cortical areas revealed results consistent with those of the primary vMRI measures, with the isthmus cingulate (6.9%, P 5 .023) and temporal lobe (5.1%, P 5 .015) showing nominally larger relative differences than the primary vMRI measures. Over all the vMRI outcome measures assessed, the average relative difference in annualized atrophy was 3.8%.
When split by sex, there was no systematic bias toward increased slowing of atrophy in either men or women (Supplementary Table S2 ). Five of the outcome measures favored women, and nine outcome measures favored men; none of the tests survived correction for multiple comparisons at the P 5 .05 level.
Relationship between regional atrophy rates and change in cognitive scales
In the placebo arm, the longitudinal changes in vMRI metrics were correlated with longitudinal changes in global cognitive scales in a region-specific manner (Table 3) . Changes in ADAS-Cog14, CDR-SB, and MMSE correlated most strongly with regional volume changes in the large region combination, the whole brain, and in the superior temporal gyrus and whole temporal lobe (0.38jrj0.48).
Changes in these scales were also correlated with atrophy rates in the precuneus and ventricles (0.35jrj0.44) and, to a slightly lesser extent, with lateral parietal cortex, prefrontal cortex, and small region combination (0.29jrj0.43). The relationships were weaker for medial temporal regions (0.19jrj0.23). While the anatomical profiles of these associations were similar for each of these instruments, the correlations were stronger overall for ADAS-Cog14 and MMSE than for CDR-SB. Results for the solanezumab arm were similar (Supplementary Table S3 ).
Because the whole temporal lobe exhibited a strong association with changes in ADAS-Cog14 (r 5 20.46) and one of the largest treatment effects (Table 2) , we focused further on the relationship between temporal lobe atrophy and changes in ADAS-Cog14. The relationship between individual longitudinal changes in temporal lobe volume (Fig 3B) .
Discussion
Annualized rates of change for whole-brain and ventricular volumes in the placebo arm (1.58%/y and 9.84%/y, respectively) were similar to those previously observed in the pooled mild AD sample from the EXPEDITION and EXPEDITION2 trials (1.3%/y and 9.6%/y, respectively) [4] despite the use of different image quantitation algorithms for those studies. Differences in the rates of atrophy between the treatment arms in EXPEDITION3 were directionally consistent, with all regions showing a nominally slower rate of atrophy in the solanezumab arm relative to the placebo arm. However, the changes were overall weak in magnitude (1.3-6.9% slowing; average 3.8%) and not statistically significant if corrected for multiple comparisons across the different regions assessed. The slowing of brain atrophy observed in the pooled mild AD sample from the EXPEDITION and EXPEDITION2 trials was 2.3% for the whole brain and 5.6% for ventricular volume [4] , in contrast to the values 4.3% and 3.9% observed for those metrics in EXPEDITION3. The treatment effects were thus directionally consistent and of similar overall magnitude between EXPEDITION/EXPEDITION2 and EXPEDITION3 trials. There was no clear evidence of a greater treatment effect on female or male participants when analyzed separately.
The directionality of the vMRI findings observed with solanezumab in the EXPEDITION trials is in contrast to results reported from the AN1792 Ab active immunization trial, in which patients clinically defined as probable AD who exhibited an active antibody response to treatment had a substantial and significant increase in their rate of atrophy, compared with placebo-treated individuals, for whole-brain and ventricular boundary shift integral measures but not for hippocampal volume [10] . The group sizes in that study were small (N 5 38-57 evaluable, depending on the measure) but similar to that which was targeted (N 5 75) based on power calculations for a 30% reduction in whole-brain atrophy. In the bapineuzumab studies, no significant difference in whole-brain atrophy between treated and placebo groups was observed in any of the four phase 3 trials [8, 9] nor in a meta-analysis of six phase 2 and 3 trials [19] . Moreover, no relationship between brain boundary shift integral and drug exposure levels was observed in an analysis of two of the phase 3 trials [20] . Directionally, the differences between bapineuzumab and placebo arms were not consistent across arms and trials, favoring bapineuzumab in some cases and placebo in others. Because statistical significance of group differences is dependent on the sample size, it is also worthwhile considering the magnitude of betweengroup differences observed in these studies. For wholebrain volume change, the difference between treated and placebo groups in the 18-month change in the first two phase 3 bapineuzumab trials reported ranged from a 1.9% decrease to a 8.6% increase in atrophy [8] compared with a 4.3% decrease in atrophy observed in EXPEDI-TION3 and a 2.5% decrease in atrophy observed in the pooled mild AD sample from EXPEDITION/EXPEDI-TION2 [4] . In the AN1792 trial, the group difference in whole-brain volume change was substantially larger, equating to a 49.5% increase in atrophy in the antibody responders [10] .
In EXPEDITION3, the anatomical patterns of correlation between changes in brain volumes and changes in clinical scales were consistent for all the scales of global cognition or function, with the whole temporal lobe and measures of global atrophy correlating most strongly and medial temporal structures notably more weakly. This anatomical pattern is consistent with that obtained in a vertex-wise whole-brain analysis of cortical thinning in relation to CDR-SB change in subjects with mild cognitive impairment [13] , although medial temporal structures were more strongly associated with CDR-SB decline in that study. Medial temporal structures are affected early during the course of the disease [21] , and so, cognitive decline might be more closely associated with atrophy in those regions in earlier disease stages. Consistent with this notion, significant negative correlations between CDR-SB and medial temporal lobe cortical thickness were reported in a study of subjects with mild cognitive impairment (r 5 20.36, P , .01) [22] , whereas significant negative correlations between cortical thickness and CDR box scores in the parietal, but not in the temporal, lobe was found in patients with AD [23] . The relationship between changes in wholebrain atrophy and in scales of global cognition (0.40jrj0.48) in the present analysis is comparable to reported relationships (0.48r0.56) between changes in ADAS-Cog11 and brain boundary shift integral, a measure of whole-brain atrophy, reported across several vMRI substudies on mild-to-moderate AD in the bapineuzumab trials [24] .
The relative magnitude of changes in imaging markers relative to changes in clinical instruments could be an important consideration in AD studies. Many studies comparing the relative statistical power of imaging and cognitive outcome measures have assumed the same rate of slowing (e.g., 25%) as a putative treatment effect [25, 26] . However, the results of the present study suggest that a given slowing of clinical decline may be accompanied by a smaller relative degree of slowing in brain atrophy. The regression relationship between the change in ADAS-Cog14 and change in temporal lobe volume in individual participants was similar for both placebo and solanezumab groups. The larger differences in treatment-effect magnitudes (percentage change in slowing) than absolute atrophy rates between the previous trials and EXPEDITION3 and the fact that the treatment effects were overall small and nonsignificant are limitations in drawing too strong a conclusion from the specific relationship between magnitudes of treatment effect from these data. Nevertheless, the notion that the relative effect size of interventional treatments on brain atrophy measures might be different from that of cognitive outcomes is an important consideration when powering clinical trials for biomarker and/or clinical changes.
A limitation of this study is that a range of scanner manufacturers, hardware and software versions, and a mix of 1.5T and 3T scanners were included. While this likely contributes additional variability in the imaging data, it is intrinsic to large, global, multisite trials. We attempted to mitigate the effects of this via centralized management of acquisition parameter harmonization, scanner qualification, imaging site training, and data quality control and analysis. Moreover, any subject whose baseline and follow-up scans were obtained on different scanners (e.g., due to an unavoidable site scanner upgrade) was excluded from the present quantitative vMRI analysis.
In conclusion, the changes in brain volumetric measures between solanezumab-treated and placebo-treated participants were not statistically significant over 80 weeks in the EXPEDITION3 trial. The group-mean differences were directionally consistent across a number of brain regions but small in magnitude (equivalent to 1.3-6.9% slowing). The rates of atrophy and correlations between absolute volume changes and cognitive changes in placebo-treated subjects were similar to those reported previously.
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